Background As most obese adults were not overweight as children, the prediction of adult obesity from childhood body size alone is limited. We constructed a two-way, multifactor risk assessment framework for predicting adult obesity during childhood using the Foresight Obesity System Map and tested it against longitudinal data from the 1958 National Child Development Study. Methods The framework divided study participants according to two categories of risk: 'conditioning factors' ( past/fixed events and conditions) and 'intervention factors' ( present and modifiable). At the age of 11 years, conditioning factors were 'low/high birth weight' and 'absence of breastfeeding', and intervention factors were 'low childhood activity level' and 'having at least one obese parent'. From a composite score of all four variables, study participants were assigned to one of the four risk groups: low risk, past 'conditioning' risk only, present 'intervention' risk only and high combined risk. ORs and relative risks for the development of future overweight/obesity at ages 23, 33 and 42 years were calculated for each risk group. Results Those identified in the highest risk category at the age of 11 were around twice as likely to become overweight (body mass index (BMI)≥25 kg/m 2 ) by the age of 23 years, and obese (BMI≥30 kg/m 2 ) by ages 33 and 42 years, in comparison to their low-risk peers (total sample, N=11 752). Increased prevalence of future obesity was also observed for high-risk children who were not already overweight at the age of 11 (filtered sample, N=9549). Conclusions This framework identifies a greater proportion of the population that is at risk for future obesity than does childhood weight assessment alone.
INTRODUCTION
The main strategy for predicting adult obesity is based on body size in childhood; people who are overweight in early life tend to remain so in later years. 1 2 Current public health programmes for reducing the future burden of obesity are thus overwhelmingly targeted towards overweight children.
Longitudinal studies for predicting obesity emergence across the life course are few, 3 with most being limited to tracking obesity emergence within childhood rather than across the transition from childhood to adulthood. 4 5 Previous studies have highlighted the low sensitivity of an obesity prediction model based solely on childhood body size, 2 6 7 suggesting that other factors must be taken into account. For most people, obesity emerges in mid-adulthood 8 through a complex web of influences across the life course; obesity prediction models based on childhood body size alone will therefore fail to identify much of the population that ultimately becomes obese.
We present a multifactor framework for predicting adult obesity from ecological measures of obesity risk in childhood. This is derived from the Tackling Obesities: Future Choices project, 9 carried out by the UK government think-tank Foresight, which has provided the most wide-ranging ecological perspectives on obesity causation to date. One of its key outputs was the Foresight Obesity System Map (FOSM), 10 which is a visual representation of the complex interactions between 108 variables thought by experts to contribute to the causation of obesity at the population level. These variables range from individual-level biology to wider social and environmental factors.
To date, there has been little attempt to operationalise the information contained in the FOSM towards the development of a practical public health tool for obesity prevention. 11 Of the 108 FOSM variables, 17 were identified as being relevant for obesity interventions at early-life stages. 10 Collectively, these are seen to influence three key obesity drivers: biological mechanisms that regulate appetite; amounts of energy expended; and conflicting motivations that inform individual behaviours (figure 1). The variables depicted in the FOSM are conceptual rather than directly measurable. Our aim was to identify potential proxy variables for the early-life FOSM variables from existing longitudinal datasets, and to evaluate the combined predictive power of these for obesity emergence later in life.
METHODS
The analysis plan involved the selection of early-life FOSM variables to create a multifactor obesity risk framework, identification of measurable proxies for these from an on-going British birth cohort study, and testing of these combined variables against obesity rates within the same database. The Waterlow 12 classification scheme, a practical tool for identifying those most at risk for undernutrition based on past as well as present risk, inspired our approach. We constructed a two-way framework (figure 2) and termed these past/fixed and present/ modifiable categories of variables 'conditioning factors' and 'intervention factors', respectively. From the 17 early-life FOSM variables (figure 1), conditioning factors include biological characteristics that cannot be currently manipulated, past life events that are no longer malleable and unpredictable influences of the wider social and economic environment. Intervention factors, in contrast, are potentially modifiable. Some can shift in response to changing home dynamics and educational environments, while others may respond to wider changes in the economy or society. Some variables can change their status from intervention factor to conditioning factor across the life course. Quality and quantity of breastfeeding, for instance, is subject to intervention during infancy, but becomes fixed at the point of weaning.
For testing the predictive power of this two-way obesity risk framework we accessed longitudinal data from the 1958 National Child Development Study (NCDS), 13 which are available to academic researchers through the UK Data Service. Data were anonymised prior to the authors' access to them, such that individual study participants were not identifiable. The NCDS population comprises all 17 638 people born in England, Scotland and Wales during the week of 3-9 March 1958. The survey has now undergone eight additional sweeps since the birth year and includes wide-ranging data on health, family, education, employment and social opportunity. In addition to birth weight, heights and weights were recorded during follow-up sweeps when cohort members were 7, 11, 16, 23, 33 and 42 years old; these were self-reported at ages 23 and 42 years and were in line with time-specific measured British samples, 14 and for all other ages they were directly measured. From candidate variables in the NCDS database, we constructed our framework based on data from birth to the 1969 sweep, which included data on family, school and activity that could be used as proxies for FOSM intervention factors when cohort members were 11 years old.
Selected variables
FOSM variables are conceptual, and not all are directly measureable. We aimed to select 'upstream' FOSM variables for our framework, which could influence more 'downstream' ones (see figure 1 ) and which, crucially, were measurable via proxies in the NCDS database. Four early-life FOSM variables were identified on this basis: appropriateness of embryonic and fetal growth, quality and quantity of breastfeeding, degree of innate activity in childhood and parental modelling of activity. These could be approximated by the NCDS variables of birth weight, breastfeeding history, parent and teacher reporting of child's activity at the age of 11 years and parents' body mass index (BMI) status when the child was 11 years old, respectively. At the age of 11 years, the first two variables are 'conditioning factors' (capturing past developmental risk), while the second two are 'intervention factors' ( present-day risk) that are potentially modifiable. As our framework stemmed directly from the FOSM-which represents the best cross-disciplinary evidence base on obesity currently available-covariates that did not map onto FOSM variables were not included in our analysis.
Birth weight is easily measurable, routinely recorded and can be indicative of fetal malnutrition or poor growth. There is a robust relationship between small birth weight and increased prevalence of obesity comorbidities in adulthood. 15 16 High birth weight also carries increased risk for these comorbidities, particularly if it is indicative of diabetes within the mother during pregnancy. 17 Within our model, a person was deemed at risk if his/her birth weight was 2.5 kg or less, corresponding to the internationally recognised threshold at which infant mortality and morbidity increases. 18 No internationally standardised cut-off for high birth weight exists, although the USA Centers for Disease Control place it at 4 kg. 19 We used this cut-off for our framework; it captured the vast majority of NCDS participants who were large for gestational age.
While the empirical evidence for a protective effect of breastfeeding against obesity later in life remains equivocal, 20 21 some studies are suggestive of such an effect. 22 Maternal recall of breastfeeding initiation has been found to be accurate across multiple studies, 23 including some recalled up to 20 years later. 24 Duration of breastfeeding may also be important for conferring a protective effect against obesity, but its recall might be less accurate after the child is 3 years old. 23 Within the NCDS, breastfeeding was recalled by the mother when the cohort member was 7 years old, with little detail as to duration; responses to the question 'breastfed partially or wholly?' were limited to 'don't know', 'no', 'less than 1 month' or 'more than 1 month'. As nuanced information on breastfeeding duration was not collected while the cohort member was an infant, we limited our at-risk assessment to those for whom no breastfeeding was reported.
The FOSM variable 'Degree of innate activity in childhood' refers to the 'degree to which physical activity is part of typical childhood behaviour'. 10 This habitual activity includes, but is not exclusive to, organised recreational activity and is therefore difficult to capture empirically. From the NCDS data, we identified five questions regarding activity levels at the age of 11 years: the frequency reported by a parent of the child's use of public parks, recreation grounds, swimming pools and indoor play centres during the past 12 months, as well as a teacher's assessment of the child's frequency of participation in sports outside of school hours. Children who did none of these five activities 'often' (taken to be the best indication of habitual activity, versus alternative responses of 'do not know', 'never' or 'sometimes') were given an at-risk mark.
'Parental modeling of activity' was the most difficult FOSM variable to approximate, as no data on parent activity levels were available. However, parental BMI could be calculated for both parents when the cohort member was 11 years old, when parent height and weight were self-reported to the nearest inch and half-stone (7 lb) increment, respectively. Although evidence strongly indicates that children of obese parents are more likely to become obese themselves, 3 the mechanisms for this influence remain unclear. 25 However, evidence that children of obese parents spend more time engaging in sedentary activities 26 suggests a link between parent BMI status and modelling of activity. As body size is never permanently fixed, interpreting parent BMI status as an 'intervention' factor enables us to better approximate the complex influence of parents on their children's health status, 25 versus a more rigid genetics/programming interpretation that would categorise it as a fixed 'conditioning' factor. In the NCDS, parental obesity was relatively rare (see table 1); we therefore gave an at-risk mark for parental modelling of activity to cohort members who had at least one obese parent (BMI≥30 kg/m 2 ) at the age of 11 years. While parental BMI might inadvertently capture multiple variables within the FOSM, it is also a potentially more robust measure than self-reported activity levels, which correlate poorly with directly measured activity levels. 27 
Risk classifications and calculations
Participants received a Conditioning Factor score of C+ if they were of normal birth weight and had been breastfed for any amount of time. Any designation of an at-risk factor garnered a classification of C−. Similarly, participants with a positive Intervention Factor score (I+) were reported as doing some frequent activity and did not have an obese parent; otherwise, they were classified as I−. Binary variables (at-risk/no risk) were created for each factor using SPSS (V.16), which were then combined and coded for the four obesity risk classifications depicted in figure 2 (1=low risk, 2=past risk, 3=acute/modifiable risk, 4=high risk). ORs were calculated for each of the three risk categories, with respect to the low-risk category of C+I+, of future overweight (including obesity, adult BMI≥25 kg/m 2 ) at ages 23, 33 and 42 years. ORs were also calculated for each risk category for future obesity (adult BMI≥30 kg/m 2 ) at the same ages. The prevalence of obesity and overweight increased markedly in the cohort between ages 23 (in 1981) and 33 (in 1991); we therefore also calculated relative risks for each category at each age, which is the more intuitive risk measure, but which tends to diverge from the standardly reported OR when the outcome of interest becomes common. 28 As most overweight/obese adults were not overweight as children, our multifactor framework was intended to predict future obesity irrespective of childhood body size. We therefore retested the framework among a filtered sample (N=9549) of cohort members who were not already overweight at the age of 11 years, when risk classification was determined. International sex-specific BMI cut-offs for childhood overweight 29 were used to identify the filtered sample. ORs and relative risks for adult overweight (including obesity), as well as for adult obesity, were again calculated for the three risk groups (C−I+, C+I−, and C−I−) with respect to the low-risk group (C+I+) for all ages.
Overweight including obesity (BMI≥25 kg/m 2 ) was used as an outcome in preference to overweight (25 kg/m 2 ≤BMI<30 kg/m 2 ) because the latter does not clearly increase risk for obesity comorbidities 30 ; our concern was to chart life-course progression towards obesity (BMI≥30 kg/m 2 ), which is the more biologically meaningful category. The overweight including obesity category was particularly salient at the age of 23, when rates of obesity were low.
RESULTS
Among the total NCDS population, the available data allowed us to calculate a composite (CI) risk classification for 11 752 people at the age of 11 years. Among this sample, 47% were deemed low risk, 29% were at risk on the basis of past developmental factors (C−), 13% were at risk on the basis of present modifiable factors (I−) and 11% were at high risk on the basis of past as well as present risk (C−I−). Table 1 shows the risk prevalence among the NCDS sample for the four individual factors, for the Conditioning and Intervention categories separately, and for the combined four-factor (Conditioning plus Intervention) framework. When the combined framework is employed, 53% of the sample emerges as at risk at the age of 11 for future obesity, a figure in line with the 52% of the sample that was overweight (including obesity, BMI≥25 kg/m 2 ) by the age of 42 (see table 2A ). In contrast, only 10% of the sample was overweight on the basis of age-standardised BMI measurements 29 at the age of 11 (results not shown; see also Cheung et al 31 who report similar figures), which indicates the poor sensitivity of childhood BMI as a predictor of adult obesity when used in the isolation of other risk factors. Table 2A shows that across all ages, the prevalence of obesity among the high-risk group (C−I−) was approximately double that of the low-risk group (C+I+), with a slight rise in obesity prevalence among the past-risk group (C−I+) and a further rise among the acute-risk group (C+I−) in comparison to the low-risk group. Across all ages, ORs for future obesity among the high-risk group (C−I−) were a minimum of 2.288 (at the age of 42 years) and were highly significant. ORs for future obesity were also consistently high and significant for the acuterisk group (C+I−) in comparison to the low-risk group. With the exception of age 42 years (mainly attributable to women; results not shown), the past-risk group (C−I+) did not show significantly increased risk for future obesity, indicating that the effects of birth weight and/or breastfeeding on future overweight/obesity were not particularly pronounced within the NCDS sample.
For the acute-risk group as well as the high-risk group and for overweight/obesity as well as obesity, the value of the OR falls across the life course, but nonetheless remains meaningful by the age of 42 years. As expected, the relative risk figures for overweight/obesity at ages 33 and 42 years were notably lower than the corresponding OR values, since overweight/obesity prevalence by this point was far above 10%. 28 The relative risk figures for obesity, however, paralleled the magnitude of the corresponding OR values at all ages-indicating a genuine and persistent increased risk for the C−I− group across the life course. Table 2B shows the ORs and relative risks for each group among a filtered sample (N=9549) of cohort members who were not already overweight/obese at the age of 11 years, when risk classifications were assessed. Among the high-risk group, significant and meaningful results were again obtained, across all adult ages and for overweight/obesity as well as obesity, in comparison to the low-risk group. No significant increased risk was found for those in the past-risk group (C−I+), suggesting that those with early-life risk who ultimately became overweight or obese had usually already done so by the age of 11. The lower obesity prevalence among the filtered, non-overweight sample in comparison to the total sample indicates that some of those at increased risk according to our framework were already overweight by the age of 11 years and continued to remain so at later ages. However, the consistently observed increased risk among the C−I− group suggests that the framework correctly identified those most likely to become overweight or obese later in life, even among those who exhibited normal weight-for-height at the time of risk assessment.
DISCUSSION
This analysis yields two key findings. The first is that a focus only on overweight children, which accounts for much of the literature on obesity prediction and drives most obesity prevention strategies, may not account for most of the currently observed prevalence of obesity among adults. Our results are consistent with a previous analysis of the NCDS cohort, which demonstrated that although participants with high BMI in childhood tended to remain in the higher percentiles as adults, the vast majority of cohort members who were obese by the age of 33 years would not have been identified as fat children. 14 Medical and public health programmes that focus exclusively on overweight children will fail to identify the substantial number of at-risk people who could potentially benefit from intervention, but for whom obesity does not emerge until adulthood.
The second concerns the value of an ecological, multifactor obesity risk framework that spans multiple phases of the life course. The increased likelihood of future obesity among the high-risk group within the non-overweight sample suggests that more complex processes were in operation 32 than people merely tracking from childhood to adulthood along high BMI centiles. An alternative focus on obesity risk in connection with the developmental origins of health and disease hypothesis, which focuses exclusively on the fetal and infant phases of the life course, 33 may similarly mask the influence of processes that occur beyond infancy and unnecessarily limit the scope for intervention. Our analysis did not indicate a strong neonatal effect on adult obesity in isolation, but in combination with later 'intervention' factors it informed our successful identification of those who were most at risk for future obesity within this large longitudinal sample; if anything, the NCDS data might under-represent the capacity of this multifactor framework for predicting obesity within the British population, as sample attrition has occurred somewhat more rapidly in groups that might be expected to have higher obesity rates. 34 As a first testing of this framework using real-world data, our analysis was necessarily limited by which, and to what extent, conceptual variables from the FOSM could be approximated by NCDS variables. However, in spite of such limitations, this framework Table 1 ) at the age of 11 years ‡Overweight including obesity, body mass index (BMI)>25 kg/m 2 §Significance levels: (*)=p<0.05, (**)=p<0.01, (***)=p<0.001 ¶Obesity, BMI>30 kg/m 2 shows initial promise for predicting who is most likely to become obese later in life, irrespective of childhood body size.
What is already known on this subject ▸ Most obese adults were not overweight as children. Current obesity predictions are based on childhood body size and do not account for multiple risks across the life course.
What this study adds ▸ We propose a multifactor framework for predicting obesity that accounts for past (fixed) as well as present (modifiable) risk, based on the complex causal pathways represented in the UK Foresight Obesity System Map. ▸ Testing this framework against longitudinal British birth cohort data (N=11,752) shows it to predict future adult obesity among 11-year-olds considered at risk by this model, whether or not they were already overweight in childhood. ▸ The framework could be developed towards a public health tool for obesity prevention, by identifying those most at risk for future obesity including many who would not have been identified based on childhood body size alone.
